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A. Project Summary 

We propose to create novel nanostructured ceramic composites wliich mimic the structure of 
pseudolamellar (parallel-fibered) bone. These composites will have enlianced tougtmess and high 
strength due to the arrangement of nanocrystalline ceramic particles within an ordered collagen 
matrix. Such matenals will have specific applications as bone-gi-aft substitutes for repair of 
critical size osseous defects. In addition, the regulation of properties through control of 
nanostructure will demonstrate a general strategy for the development of polymer-ceramic 
composites for structural applications, 

The creation of these composites relies on novel processing techniques currently under active 
investigation by the two investigators of this proposal. Magnetic field processing of collagen will 
be used to control the orientation of the organic fi-amework. Subsequent mineralization of the 
collagen will be accomplished via the Polymer Induced Liquid Precursor (PILP) process. The 
PILP process utilizes a metastable, highly supersaturated liquid-phase precursor to the inorganic 
phase, which is stabilized by an ionic polymer that is a simple mimic to the acidic proteins 
associated with biominerals. Because the mineral precursor is in the form of a liquid phase, it is 
proposed to utilize the capillary action of collagen fibrils to draw the precursor up into the 
grooves of the collagen. Subsequent solidification and crystallization of the precursor within the 
collagen fibrils will create an oriented, nanocrystalline structure. We suggest that this may be the 
mechanism used by organisms to create the unique intrafibrillar mineralization of collagen during 
bone formation. Thus, through regulation of the orientation and architecture of the collagenous 
fi-amework, which in turn controls the orientation of the nanocrystals aligned within the collagen 
fibrils, the mechanical properties can be modulated. In order to accomplish these goals, the 
specific tasks of the project are as follows; 



41 




• PTT.P Mineralization : A liquid-phase precursor will be generated for calcium phosphate using 
the highly acidic proteins associated with biominerals or their synthetic analogues. The liquid 
precursor will be incorporated into partially dried collagen gels via capillary action, followed 
by intrafibrillar mineralization of the organized gels. Optimization of the mineralization 
process will be accomplished by varying the ionic polymer, the degi-ee to which the gels are 
dried, and the crystallization conditions. The nanostructure of the composites will be 
examined via x-ray diffraction, electron diffraction, scanning electron microscopy, and 
transmission electron microscopy. 

• Mechanical Properties : Flexural properties of the composites will measured using a standard 
4-point bend test. In addition, the fracture toughness will be determined using fi-actography. 

Overall, the broad goal of this research is to provide a new route to ceramic composites with 
controlled structure and properties. Nature has already learned how to combine high strength and 
high fracture toughness through careful control of the architecture of bone. In particular, the 
spatial constraints created by intrafibrillar mineralization of collagen dictate the size of the 
nanocrystallites, as well as the anisoti-opic shape and orientation. This structure provides a 
unique reinforcing phase that generates non-interacting microcracks for enhanced toughness of 
the bioceramic. By mimicking this architecture with the advanced processing techniques 
described above, it will be possible to create a new class of structural ceramics. 
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C. PROJECT DESCRIPTION 



Results from Prior NSF Support 

The PI (Dr Elhot Douglas) has previously received a grant from the NSF Division of 
Undergraduate Education. This is an education related project, and has no relation to the current 
proposal The co-Pl (Dr. Laurie Gower) has not previously received NSF fundmg as PI or co-PL 
However, a portion of her start-up funds was provided by the NSF Engineering Research Center 
for Particle Science & Technology. 

1. Research Objectives and Significance 

The objective of the proposed research is as follows: 

To combine magnetic field processing of collagen with polymer-induced liquid precursor (PILP) 
mineralization to create a biomimetic material with nano structured architecture and mechanical 
properties that mimic those of natural bone. 

This project presents a novel approach to creating biomimetic structures. Particularly, it relies 
on the expertise of the two investigators of this project. Dr. Laune Gower recently discovered the 
PILP process Based on the unique attributes of this process, and correspondingly similar 
features of biominerals, Gower has proposed that a similar precursor processing mechanism may 
be utilized bv organisms to regulate crystal morphologies in biominerals. Therefore, it is 
anticipated that this novel mineralization technique will provide the possibility to create, for the 
first time, a sy nthetic material with the specific uniformly-aligne^na^^ 
natural bone. ^MM^^M— — ^^^^^^^^^^^^^^^^^^^^^^^ 



The material to be developed under this proposal has specific applications in biomedical 
engineenng. We have proposed that this matenal may be useful as a bone graf^ for repair of 
critical size osseous defects. The advantages of such a material are pnmarily that it will be 
resorbable, and thus remodeled into natural bone as the defect heals, and that the biomimetic 
structure will exhibit mechanical properties similar to that of natural bone. The first point is 
addressed in other proposals bv the investigators. This proposal addresses the issue of 
mechanical properties, with focus on the relationship of the nanostructured architecture of the 
mineralized composites. • , i , j 

In addition to specific biomedical engineenng applications, the composite matenal developed 
will have applications in other stinictural areas. Use of ceramics m stmctural applications is often 
limited by their inherent brittieness. A number of advances have been made, but it is still a 
challenge to create a matenal that retains the high strength of ceramics with enhanced fracture 
toughnJss, Nature has overcome this problem in bone by combining an organic framework 
(collagen) with a nanocrvstallme ceramic (hydroxyapatite) to create a strong, yet tough 
composite Through regulation of the onentation and architecture of the collagenous framework, 
which in turn controls the orientation of the nanocrj'Stals aligned within the collagen fibnls, the 
mechanical properties can be modulated. By mimicking this stiiacture thi'ough the novel 
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processine techniques described above, we will be able to create a new class of structural ceramic 
materials which derive enhanced fracture toughness through the nanostructuring of the ceramic 
phase. 

2. Background 

2. 1. Structure and Properties of Bone 

Our approach to the fabrication of bone-graft substitutes is novel in that we will use a 
biomimetic processing technique that has the potential to deliver a mineral -collagen composite 
with an architecture that mimics the ultrastructure of parallel-fibered bone. Carter defines 
parallel-fibered bone as consisting of a large quantity of closely-packed collagen fibrils with the 
same general orientation, that is, running approximately parallel to each other.' This type of 
microstructure is found in the lamellar-zonal region of primary bone tissue, and in the bone 
trabeculae lining the medullary sinuses. In the primary osteons of bony fishes and birds, the 
fibrous matrix may also be parallel-fibered, as well as in ossified tendons of birds. 

An in depth description of the biomimetic processing technique, called the Polymer-hiduced 
Liquid-Precursor (PILP) process, is provided below. In brief, an acidic polymeric additive 
stabilizes an amoi-phous precursor to the mineral that is in the foim of a liquid. Upon 
solidification of the precursor, non-equilibrium morphologies are generated that are very different 
than those that occur in a typical solution crystallization process. In particular, we propose that 
the fluid consistency of the precursor could be drawn up into the collagen fibrils via capillary 
action, which would fill the grooves of the collagen fibrils with a highly supersaturated, 
metastable phase. Upon solidification of the precursor, a favorably mineralized, nanostructured 
composite would be generated, which we predict will mimic the nanostructure of bone. Upon 
solidification of the precursor, the dimensions of the hydroxyapatite (HAP) ciystallites will be 
restrained by the surrounding collagen fibrils, and if the solidification process transforms through 
a singular nucleation event, the crystallites should exhibit uniform orientation, as is the case for 
mineralized collagen in bone. 

Studies on the mineralization of turkey tendon have provided important information regarding 
the location of HAP crystallites in the collagen fibrils of bone. Figure 1 shows illustrations taken 
from the book On Riomineralization ^ of a mineralized collagen fibril from hirkey tendon, and a 
schematic of the classic "deck-of-cards" arrangement of the nanocrystals within the fibril. 
Throughout this discussion, we will refer to this type of mineralization of collagen as 
intrafibrillar, to distinguish it from the typical interfibrillar mineralization that is produced in 
vitro, hi the latter case, the hydroxyapatite crystallizes on and around the collagen fibrils, but 
does not fill the gaps and grooves to fomi an inti-afibrillar composite. This leads to much lower 
loading of mineral phase, and thus the mechanical properties are not similar to those of 
bone/dentin. It is desirable to fabricate bone implant materials that have a modulus that matches 
that of the surrounding hard tissue so that stress shielding does not lead to excessive resorption of 
sun-ounding bone tissue.9-i2 xt is the intiafibrillar mineralization that we seek to duplicate 
because we believe this nanostructural level of organization is a primary determinant of the 
unique mechanical properties of bone. 

The ultrastructure of bone tissue can be considered to be a hierarchy of structural control. For 
example, the alignment of HAP nanocrystals within the fibrils provides a level of nanostructural 
conti-ol, which is then organized at the microstiiictural level through organization of the 
collagenous phase. We have focused on the parallel-fibered matrix because it is the most readily 
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showing (he stacked arrangftmeni of the pliiK-shapea crystals in ihc ceniial orcicrcd por^ 
lion of the fibn!. Reproduced from Werner aiul J taub (1986). Scale bar 200 ■i-i! 



attainable using current syntlietic techniques. Parallel-fibered bone can be considered 
inteniiediate between woven bone, whicli consists of a random organization of collagen fibrils, 
and lamellar bone, which consists of individual lamellae containing parallel fibrils, but which are 
spatially organized into an alternating plywood-like structure, i Parallel-fibered bone is 
sometimes referred to as pseudolamellar. The parallel arrangement of fibrils leads to a parallel 
arrangement of the aligned nanocrystals within the fibrils, and thus leads to considerable 
anisotropy of properties of the composite (both optical and mechanical), such as for example 
the relatively large compressive modulus and strength of bone. As Calvert notes, ^4 o^ly is 
the arrangement of the matrix enviable to the materials engineer, but the high-loading density of 
the mineral phase is another desirable feature that is difficuh to achieve synthetically. The high 
degree of mineralization imparts a high compressive modulus (relative to soft tissues), which can 
be directionally regulated by alignment of the collagen in accordance with the stress fields 
imposed on the bone tissue, according to Wolffs Law. Another appealing aspect of the 
nanostructural arrangement of bone tissue is that it likely plays a role in imparting toughness to 
the bioceramic material. The disjointed arrangement of the brittle phase (mineral crystals) within 
the ductile matrix (collagen fibrils) presumably disrupts the propagation of cracks and absorbs the 
fracture energy, thus providing a unique combination of strength and toughness, that along with 
the stiffriess, provides the optimal material for a skeletal support system. To our knowledge, a 
bioresorbable material that mimics the mechanical properties of bone has not been fabricated to 
date. Such a load-bearing biomaterial would be desirable because it could diminish the stress 
shielding effect that occurs from implants that are stiffer than the surrounding bone. Even more 
problematic is how to produce a biomaterial with matching mechanical properties that are 
maintained at a sufficient level as the implant material is degraded and replaced by natural bone 
tissue. To accomplish this, we believe that it is imperative that the implant be bioresorbable, and 
not just biodegradable, because the rates of bone ingrowth will never be consistent among 
different individuals, or even in different locations within one individual. The remodeling 
process needs to be under cellular control to provide the appropriate maintenance of mechanical 
properties during the remodeling, as occurs in natural bone regeneration. With this goal in mind, 
we consider the biomimetic approach to be a prerequisite for achieving the most favorable 
synthetic bone-graft substitute, that is, one that faithfully mimics the ultrastructure of bone. 
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We note that the parallel-fibered architecture is not optimal for torsional properties. 
Biologically, the remodeling of pnmary bone mto secondary osteons provides a means for 
enhancing the torsional properties. An osteonic type of architecture is beyond the scope of this 
initial pr^ect. However, we note that a splay m the liquid-crystalline orientation may occur upon 
release of the magnetic field, and this may actually enhance the torsional properties of our 
biomaterial. The natural tendency for collagen to assemble into a cholesteric liquid-crystal phase 
has been proposed to be a mechanism that is utilized for the changing orientation of the fibrils 
within lamellae. ' Thus, a perfect parallel-fibered arrangement may not be the most desirable 
microstructure, and as such, this issue does fall within the scope of the project and will be 
investigated with respect to mechanical properties. 
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2.3. PILP Mineralization 

As discover of the PILP process. Dr. Gower is uniquely qualified for the proposed studies. 
To date, the PILP process has been demonstrated for calcium carbonates.32-34 Calcium 
phosphates (CaP) and oxalates are currently being investigated to detenTiine a means of inducing 
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a liquid precursor in these mineral systems (preliminary results for CaP are discussed below). 
The overall description of the PILP process can be summarized as follows: An acidic 
macromolecular additive transforms the solution crystallization of an ionic crystal to a 
solidification process of an amorphous precursor. Although it is no surprise that a metastable 
amorphous phase will transform to the more stable crystalline state, the novelty of the PILP 
process is that the polymer additive stabilizes a metastable Uquid-phase precursor to the mineral. 
The metastable phase is a distinct entit>', in which boundaries of isolated liquid droplets are 
observed in the aqueous solution. The droplets presumably contain polymeric additive 
(compositions currently under investigation), but this phase does not behave like a gel, and the 
final mineral product subsequent to solidification has undetectable amounts of polymer within the 
mineral (as determined by energy dispersive spectroscopic analysis of PILP deposited calcitic 
films). More importandy, the mineral crystals assume the shape of the amorphous precursor, 
rather than forming the faceted habits that are typical of solution grown crystals. Because the 
precursor is initially a liquid, it can take on a variety of shapes, and it retains this shape even 
though the transformed crystal exposes energetically unfavorable crystal surfaces (including 
curved surfaces on single crystals). For example, droplets m solution ciystallize to forni single 
ci-ystal "drops", or the droplets deposit on a substrate and coalesce into tablets, films, and 
coatings, or the droplets can fill the space of a compartment to fonn "spatially-delineated" single 
crystals. Notably, such non-equilibrium morphologies are commonly observed in calcium 
carbonate biominerals, and m particular, the calcium carbonate tablets that comprise the nacre of 
mollusk shells have strikingly similar morphologies and distinctive defect textures that match the 
in vitro PILP deposited tablets.35-39 

The chemical mechanism underlying the PILP process is still under investigation, but it likely 
involves the sequestering ability of polyanionic species that have an affinity for calcium ions, hi 
our reports, we have suggested that the PILP process may be related to the "ionotropic 
nucleation" mechanism described by Greenfield and Ci-enshaw,40- ^ i ,n which the initial ion 
binding attracts the counterion species, which then draws in more cations until the region 
becomes increasingly supersaturated with the ions. Presumably the polymer inhibits the 
nucleation (or growth) long enough to stabilize the highly supersamrated region, which then 
phase separates from the aqueous solution as some critical density is achieved. Interestingly, the 
formation of metastable phases, including liquid ones, was documented long ago by Ostwald, but 
is usually lost in translation. In the classic book On Growth and Forni ."^^ D'Arcy Thompson 
discusses the fonnation of rounded concretions, and says the following: 

"In accordance with a rule first recognized by Ostwald, when a substance 
begins to separate fi'om a solution, so making its first appearance as a 
new phase, it always makes its appearance first as a liquid. " 

Ts the PILP process relevant to calcium phosph ate hiomineralization? 

Calcium carbonates and calcium phosphates exhibit very different crystal morphologies, both 
synthetically and in biominerals.^ For example, calcium carbonate biominerals commonly form 
relatively large crystals with shapes that appear to have been "molded" by the compartment 
within which they form; whereas the calcium phosphate biominerals forai very small crystals 
with fairly nonnal crystal habits (albeit quite elongated in enamel rods).^' ^3. 44 tj^g calcium 
phosphate biominerals, it is the aiTangement of the crystallites that is more puzzling, rather than 
the shapes. After reviewing the literature on osteogenesis,^' 10,36.45,46 dentinogenesis,^^ and 
amelogenesis,^' several concepts strike the investigator as being potentially relevant to a liquid- 
precursor process. 
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Fig. 4. A schematic provided by Landis 
et al. on mineralizing turkey tendon. Tlie 
arrangemenls and properties of the H.AP 
crystallites were thoroughly characterized 
in three dimensions using high-voltage 
electron microscopic tomography and 
graphic image reconstruction. The initial 
calcification fills the gaps in the hole 
region between heads and tails of 
ti-opocollagen molecules, which have a 
periodicity of 64 nm arising from self- 
assembly. The crystals then grow to form 
extended plates or crystal sheets, some 
with "twisted threads of mineral that 
appears to bridge the crystal planes". 



The most supportive argument is based on the unusual characteristics of the HAP crystallites 
deposited within collagen fibrils. Many investigators have contributed to these types of studies,^' 
47-50 but the work of Landis et al.^i- 52 on mineralizing turkey tendon is particularly appropriate to 
this discussion. The issue of crystal size and shape has been somewhat conh-oversial, but their 
observations (for this particular collagen), show the crystals to be platelet-shaped, but with 
irregular edges and variable lengths (see Fig. 4). The crystals grow to form extended plates or 
crystal sheets, some with "twisted threads of mineral that appears to bridge the crystal planes". 
They also describe an apparent curving of the mineral where crystals may be located on the 
surface of a collagen fibril. The enlargement of crystal widths seems to "imply that mineral is 
accominodated by channels of grooves in collagen formed by adjacent hole zones in register," 
con-elating to the quarter-staggered model of collagen assembly first proposed by Hodge and 
Petruska."^ Interestingly, the crystals in localized regions appear to form at different sites and 
times by independent nucleation sites, yet they grow to interconnect and fuse into larger coplanar 
units from the smaller individual particles. Lastly, they observe a thin envelope of organic origin 
that is present in a location that defines the location of the crystallites (detennined by density). 
We note that a liquid-phase precursor could provide a viable explanation for some of the unusual 
features they describe, such as cur\dng and fusion of crystals, and lack of singular location of 
nucleation. These are all features that have been observed in the PILP process for calcium 
carbonates.32-34 The envelope surrounding the crystals could be excluded molecules that had 
stabilized the precursor phase. We are examining the calcite system to determine if the polymer 
gets excluded during solidification, or if it remains occluded within the crystals. However, at this 
nanoscopic size scale of CaP biomineralization, it seems more likely that large macromolecules 
would be excluded as the precursor phase ci^stallizes. 

In conclusion, the Uterature commonly alludes to the belief that there is some unifying 
mechanism among differing biomineral systems. We suggest that the PILP process, in 
conjunction with well established mechanisms of biominerahzation, can provide a viable 
explanation for many of the puzzling morphologies of biominerals, including those of the calcium 
phosphate biominerals in bones and teeth. Some examples include tlie following: the "inorganic 
substance in bands" (ISB) described by Bomiuci (PILP dehydration to amorphous granular 
precursor);45 the elongation of enamel prisms generated by appositional growth during 
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3.2. PILP Mineralization 



Experimental Ovei-view 

Detennine optimal reaction conditions for generating a PILP phase in calcium phosphates 
K test crystallization conditions relevant to physiological environment 
'r test a variety of synthetic acidic macromolecular additives 

> test the highly acidic macromolecules extracted from bone/dentin (e.g. phosphophoryn, 
osteopontin, bone sialoprotein, etc.) 
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♦ Mineralize collagen fibrils via capillary action by placing ends into a PILP media 

> run a suitable control reaction (collagen placed in supersaturated crystallizing solution) 

> determine the influence of collagen variables on the mineralization process (densification, 

orientation) 

♦ Characterize mineralized collagen fibrils and compare/contrast with fibrils from bone 

> determine composition of collagenous composites for relative content of inorganic phase 

> determine crystallite size, phase and orientation by SEM, TEM, and diffraction: 

• XRD for bulk material 

• ED for individual crystallites in isolated fibrils 

> detennine crystal location in isolated fibrils by TEM analysis 

> Study the alignment of HAP crystallites within collagen that displays an iso-oriented 
mosaic texture, using high-resolution synchrotron XRD 

Materials and Methods 

a. Eliciting the PILP Process in Calcium Pliosphates 

We are currently using a synthesis developed by LeGeros, for a "direct fast method" of 
synthesis of octacalcium phosphate (OCP), and which can also be modified to produce HAP .43 
This synthesis is a stepwise addition of a 0.04M Ca(Ac)2 solution into a 0.04M NaH2P04 solution 
over 1 hour, held at a temperature of 70°C and initially adjusted to pH 4. To generate a PILP 
phase, small quantities of acidic polymer are added to the crystallizing solution. For example, in 
the calcium carbonate (CaCOj) system, 20 |ig/ml of polyaspartic acid is used to elicit a PILP 
phase. We have initiated feasibility studies for PELP fomiation in calcium phosphates using the 
same polymer. The preliminary studies look promising; some features of the crystal products 
resemble those that foiTn in PILP deposited CaCOa. Smooth, concentrically-layered "soft" 
spheroids that are partially birefringent are initially fornied in the solutions. They appear to be 
hollow spheres, rather than solid spherulitic structures. The control reaction (without polymeric 
additive) leads to clusters of needle-shaped crystals, presumably OCP, along with a few "hard" 
spherical particles. In some cases, "globs" of spheres are connected that appear to have 
coalesced, unlike the solid spheres of the control reaction. Interestingly, the spheroids generated 
by the polymeric additive appear to "flow" onto the substrate to form a "film", while the control 
reaction spheres do not, and are evidently more solidified. We conclude that the polymer- 
stabilized spheroids have a somewhat fluid or gelatinous consistency as they deposit onto the 
substrate. More work needs to be done to catch the transfonnation of these particles in an earlier 
stage in order to definitively conclude that they initially formed as a liquid precursor, and 
especially as a state that is fluid enough to be drawn up by capillary action. 

We plan to test other acidic macromolecules as well, and in particular, the highly 
phosphoiylated ones that are commonly found associated with calcium phosphate biominerals 
(e.g. osteopontin, phosphophoryn),"^^' ^'^ These may be expected to have a stronger affinity for the 
ions and a more pronounced effect on crystal growth in the calcium phosphate system. For 
example. Bovine Phosphophoryn is the most acidic protein that has been identified, containing 
457 residues of Ser/Pser and 401 residues Asp, per 1000 amino acid residues.^^' Bovine teeth 
will be decalcified and the insoluble versus soluble fractions separated. The soluble extracts will 
be characterized by SDS-PAGE (with staining for acidic proteins), purified by the CaCl2 
precipitation procedure using DEAE-HPLC (Rahima and Vies 1988), along with amino acid 
analysis of particular samples of interest. Other acidic macromolecules of interest include the 
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Gla-protems (y-carboxyglutamic acid containing proteins) of bone and dentin; the acidic 
glycoproteins extracted from bone, of which there are a variety, such as osteopontin, 
sialoproteins, etc.; the acidic glycoproteins in CaCOa biommerals, such as the phosphorylated 
proteins of oyster shells;36. 58-60 and finally mucopolysaccharides. To further our understandmg 
of the process, simple phosphorylated polypeptides will be synthesized as model compounds to 
study the physicochemical aspects of the PILP process, such as the effects of varying degree of 
phosphorylation on the ability to induce the PILP process, and the corresponding characteristics 
of the PILP phase, etc.. . 

If we are unable to generate a PILP phase for the calcium phosphates, there is the option ot 
using the calcium carbonate system, for which the PILP process was discovered. Calcium 
carbonates are biocompatible, and it has been shown that coral can be used as a successful bone- 
graft substitute, and surprisingly, had better osteoinductive potential than did the coral converted 
to calcium phosphate.61 it would be of interest to detemiine if nanocrystals of calcite can also be 
generated by constraints from the collagen framework. The calcium carbonate crystals in most 
biomineral examples tend to be larger, such as moUusk shells and sea urchin spines, etc., so it is 
not clear if there is a physical reason for the use of calcium phosphates by the vertebrates, or if it 
is more related to metabolic function. In either case, this technique is expected to lead to a 
structured composite with unique and tailorable mechanical properties. 

b. Synthesis of Mineralized Collagen Composites 

Disks of oriented and densified collagen will be prepared such that it is sliced perpendicular to 
the long axis of the collagen fibrils to expose more ends for facilitating capillary action. The 
collagen disk will be placed in a PILP media, either as the original aqueous biphase solution, or 
isolated and collected as a singular PILP fluid. A control reaction will be run simultaneously, 
which contains only pure calcifying solution; for example, 2.4mmM Ca ^, 1.44 mmM P04- , 
buffered to pH 7.4 with 40mM HEPES.^' After sufficient reaction time (to be determined), the 
collagen will be removed, rinsed, and freeze-dried for characterization. 




If the capillary action of the partially dehydrated fibrils proves insufficient for drawing the 
PILP phase into the fibrils, another alternative approach is to carry out the fibriUogenesis within 
the liquid-precursor phase, hi fact, the unique characteristics of the PILP phase may play a role 
in the self-assembly of collagen fibrils, thus this would be an interesting possibility to explore. 
For example, the PILP phase has a high concentration of ions, which could alter the surface 
energetics between protein molecules, such as driving the assembly of fibrils via hydrophobic 
interactions, or altering the bndgmg and crosslinks between fibrils. It is possible that this occurs 
biologically (although we speculate that the matrix vesicles play a role in delivering precursor 
phase to fibrils, or at least in the fomiation of primary bone). 
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c. Characterization 

As indicated in the overview of methods, the collagenous composites will be characterized for 
inorganic content. Calcium content can be determine by atomic absorbtion spectrophotometry of 
ashed tissue placed in 10% lanthanum in 50% HCl, and phosphorous content as 
molybdovanadophosphoric acid.6 The crystal phase of the calcium phosphate will be detemiined 
by XRD on deproteinated material (and ED or FTIR if necessary). Crystal size can be 
detemiined from XRD peak widths for very thin crystals, which can be then be correlated to 
direct observations by TEM of crystallites exti'acted from isolated fibrils. XRD will also be used 
to examine crystal orientation in relation to the collagen fibrils within the disk. For more precise 
characterization of crystal an-angement, synchrotron XRD will be used to study the mosaic spread 
of the "single-crystalline" fibers, or iso-oriented matrix of crystallites. 

3.3. Mechanical Properties 

The primary focus of this proposal is to demonstrate the feasibihty of using the processing 
techniques described above to create biomimetic structures with mechanical properties similar to 
those of natural bone. On average, ordinary bone contains about 60 wt% mineral, 28 wt% protein 
(mainly collagen), and 12 wt% water.<^2, 63 volume fractions of mineral and organic 
constituents are roughly equal at 40 vol%, thus it is not entirely obvious which constituents 
should be considered the matrix phase and which the reinforcing phase. Cun-ey describes bone as 
being a composite material whereby a tough collagen matrix is reinforced with hydroxyapatite 
(HAP) platelets.^2 Additionally, the water content plays a significant role in controlling the 
mechanical properties. The high toughness of bioceramics is thought to result from the presence 
of organic layers suiTounding the crystallites, as well as their highly anisotropic shape.^3 po^- 
example, the high axial ratio of the HAP platelets (4nm x 30-50nm x 100-500nm) should provide 
good load transfer from the matrix to the platelets if the interfacial bonding is strong (relatively 
little is known about the interfacial bonding in bioceramics). In synthetic fiber composites, the 
general requirement is to have the filler-matrix interface be weak enough to deflect fracture, yet 
strong enough to transfer load. Calvert suggests that these two functions may be separated in 
bone, which has a very fine and well bonded filler, which is combined with weak planes every 
few microns.^3 

The mechanical properties of bone have been notoriously difficult to analyze because bone 
can have different microstrucmres (e.g. fibrous versus lamellar), and has many levels of 
organization (e.g. osteons of Haversian system).^^ Therefore, a wide range of mechanical 
properties have been reported. CuiTey,'^^ j^as examined the mechanical properties of a 
variety of biomineral tissues, reports the tensile strength for bone ranges from 20 to 260 MPa, 
Young's modulus from 5 to 35 GPa, and work of fracture from 20 to 7 Idm Other reports for 
cortical bone have measured an elastic modulus of 20 GPa, tensile strength of 220 MPa, (bend 
strength of 5 to 150 MPa), strain to break of 10%, and fracture toughness of 5 MPa m"''l63,65 

In order to test the mechanical properties of the biomimetic composites, 4-point flexural 
measurements based on ASTM CI 341 will be utilized. The specimen geometry is 2 mm x 6 mm 
X 45 mm, with the specimens cut from 2 mm thick plates using a diamond saw. Flexural 
modulus, strength, strain at break, and work of fracture will be determined from an average of at 
least 10 samples using the procedures described in ASTM CI 34 1. These properties will be 
measured as a function of the collagen processing conditions described in section 3.1. Therefore, 
it will be possible to create an empirical model describing the variation in properties based on the 
statistical design using the properties as the response variable. In addition, comparison of 
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changes in properties witli tlie change in birefringence of the collagen gels and tlie nanostructural 
details of the ceramic/collagen composite will allow us to specifically identify how these 
morphological features may be used to control the properties of these materials. For example, the 
ability to orient the collagen fibrils and their associated crystallites within the fibrils will be 
expected to lead to highly anisotropic properties, which can be mediated through orientation of 
the collagenous framework. Likewise, the mineral volume fraction will be measured, which is 
expected to play a key role in regulation of modulus and strength, as for the case of bone (but 
with a concomitant loss in toughness). 

One of the advantages of the biomimetic structure described earlier is the possibility of 
combining high strength with high fracture toughness. The disjointed arrangement of the brittle 
phase (mineral crystals) within the ductile matrix (collagen fibrils) is expected to disrupt the 
propagation of cracks and absorb the fracture energy, thus providing a unique combination of 
strength and toughness. The high work to fracture that has been measured for bone and other 
bioceramics is believed to result from extensive microcracking (e.g. Wf = 1710 jW for bovine 
femur).62 -rhe microcracks are generally non-interacting, allowing stress concentrators to be 
blunted and considerable microdamage to accumulate without catastrophic failure.^^ The load- 
deformation cui-ves (tensile) for compact bone show residual strain and compHance during 
successive loading, which presumably results from microdamage accumulation. This 
microcracking is seen optically as "whitening" of the bone specimen during yield, long before a 
fatal crack develops.*^^ Staining techniques have been used to examine microcracking in 
biomineral specimens, which may be useful for examining our specimens.^^' Likewise, the 
fracture surface of mineralized tissues has provided infomiation on the toughening mechanisms, 
such as for example, crack bridging, interface debonding, firictional puUout, and secondary 
microcracking. 

Fracmre mechanics for bone are difficult to asses due to the high degree of variability of 
specimen samples, and the anisoti-opic grain of the tissue. Values of Kc ranging from 3.2 to 6.6 
MNm have been recorded.^^' The fracture toughness (Kic) of our nanocomposites will be 
determined using fractography. The fracture surfaces of the flexural bars will be examined using 
optical microscopy, and the size of the surface flaw that initiated failure will be measured. Kic can 
then be detemiined from:^*^' 

Ivi, = 

<1> 

where Of is the stress at fracture, c is either the depth or the half-width of the surface flaw that 
caused failure, whichever is smaller, and 0 is an elliptical integral of the second kind. If any 
plastic defonnation occurs, then the fracture toughness is detemiined irom: 

k2 lli^k-. 

where Oys is the yield strength. Quite often the initiating flaw is approximately semi-spherical, in 
which case the fiaw can be assumed to having a radius c=(ab)''", with (])= 1 .57. These equations 
are only vaUd for mode I (tensile) loading. Thus, they can only be used for flexural tests if the 
failure initiates in the region of tension. Also, the equation for plastic defomiation assumes that 
the radius of the plastic zone is small compared to the crack tip. Thus, it will be important to 
examine the fi-acture surfaces carefully to ensure that these assumptions are valid for each 
specimen tested. 



14 



Exhibit page 21 



We have chosen this technique for deteiTnining fracture toughness over other, more 
conventional techniques, because both flexural properties and fracture toughness can be 
determined in a single test. Conventional fracture toughness measurements require preparation of 
samples designed specifically for those measurements. Since we can utilize the same sample for 
both measurements, fewer samples are needed and the fracture toughness measurements can be 
carried out within the scope of this Phase I project. 

4. Broad Impact of Proposed Research 

In general temis, Phase 1 of this project will examine a new processing technique for the 
development of a unique class of polymer-ceramic composites. The properties of the ceramic 
phase will be mediated by the organic matrix, similar to what occurs biologically during bone 
formation. It is anticipated that this will provide a new toughening mechanism to the ceramic 
phase, or vice versa, it will provide stiffening and strengthening to the polymeric phase. More 
specifically, this exploratory research will lead to Phase II, which will develop new strategies for 
designing and fabricating hard-tissue biomaterials. If the materials engineer is able to mimic the 
biological processes of intrafibrillar mineralization of collagen, then it is anticipated that hard- 
tissue biomaterials can be fabricated with gi'eatly enhanced mechanical properties, along with the 
necessary bioresorptive potential for natural tissue regeneration. The PILP process can 
conceivably generate a heavily-loaded collagen matrix that, due to the high density of mineral 
phase, will provide compressive strengths capable of load-bearing applications in bone-graft 
substitutes. The nanostructured architecture of the HAP crystallites within the composite should 
provide the capability of toughening the ceramic biomaterial in a manner that is achieved 
biologically, such as through microcracking accumulation. In temis of biocompatibility, because 
the chemical composition as well as the architecture of the artificial biomaterial will simulate the 
environment of natural bone tissue, it is anticipated that this biomimetic approach will enable the 
engineering of biomaterials that are osteoinductive for stimulating natural tissue regeneration. 
The potential for bioresorptivity of a bone mimic is particularly advantageous in that it could 
continue to carry a load as it is remodeled under biological control- Additionally, the low- 
temperature aqueous-based processing conditions of the PILP process can be exploited for the 
incorporation of biological components, such as bone morphogenetic proteins, and possibly even 
osteoprogenitor cells. Overall, the broad impact of this research to society is to provide a new 
synthetic route towards the fabrication of bone-graft substitutes. Autografts (e.g. bone hai-vested 
from ihac crest) are the current gold standard for critical sized osseous defects (i.e. greater than 2 
cm); but this requires an extra surgery for harvesting the donor bone and commonly leads to 
donor site morbidity. An alternative is to use allografts (cadaver bone), but this can have 
problems with disease transmission and infection, and since it does not contain live cells, it is not 
as osteogenic as autografts. With the more than 426,000 bone-graft procedures performed in the 
U.S. in 1995,^' there is a critical need to develop alternative materials for hard-tissue engineering. 
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BIOGRAPHICAL SKETCH 
Dr. Elliot P. Douglas 

A. Vita 

D^Stoent of Materials Science and Engineering tx052)l92%n^^ 
yrBlT7l6™ edoug@mse.ufl.edu 
Gainesville, FL 32611 

Education 

Ph.D., Polymer Science and Engineering, 1993, University of Massachusetts- Amherst 
S.B., Materials Science and Engineering, 1988, Massachusetts Institute of Technology, 
S.B., Humanities and Engineering, 1988, Massachusetts Institute of Technology, 
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University of Florida, Assistant Professor, Department of Materials Science and Engineering, 
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Los Alamos National Laboratory, Polymer Team Leader, June, 1995 - August, 1996 

Los Alamos National Laboratory, Technical Staff Member, October, 1993 - June, 1995 

Los Alamos National Laboratory, Postdoctoral Associate, September, 1992 - October, 1993 
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Presidential Eariy Career Awai-d for Scientists and Engineers 1 997 

Los Alamos National Laboratory Excellence m Industrial Partnerships Award, 1996 
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1 Elliot P Douglas, "Magnetic field orientation of liquid crystalline thermosets: Orientation 
kinetics", Polymer Preprints, 1999, 40 (2), 498-499 

2 Derek M Lincoln and EUiot P. Douglas, "Control of orientation in liquid crystalline epoxies via 
magnetic field processing". Polymer Engineering and Science, in press 

3 Brian C. Bemcewicz, Mark E. Smith, Jim D. Earls, Ralph D. Priester, Jr Stefan M^ Setz, 
Randolph S. Duran, and Elliot P. Douglas, "Magnetic field onentation of liqmd crystalline 

epoxy thermosets", Macromolecules, 1998, 31, 4730 

4 Brian C Benicewicz, Mark E. Smith, Jim D. Earis, Ralph D. Priester, Jr. and Elliot P. 
Doudas "Novel routes to high strength, light weight raatenals: Magnetic field processing of 
liquid crystalUne thermosets", ChemTech, 1997, 27(8), 44 
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5 Elliot P. Douglas, Mark E. Smith, Brian C. Benicewicz, Jim D. Earls, and Ralph D. Priester, 
Jr "Processing of polymers in high magnetic fields", in High Magnetic Fields: Apphcations, 
Generation. Materials . Hans J. Schneider-Muntau, ed.. World Scientific Pubhshmg Co., River 
Edge,NJ, 1997, p. 31 
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novel phenylethynyl liquid crystalline theraioset", Journal of Polymer Science: Part A: Polymer 
Chemistry, in press 

8. David A. Langlois, Brian C. Benicewicz, and EUiot P. Douglas, "Liquid crystalline 
bispropargyl themiosets", Chemistry of Materials, 1998, 10, 3393 

9 Rex P. Hjelm, EUiot P. Douglas, and Brian C. Benicewicz, "The solution structure of liquid 
crystal polymers with small liquid crystal thermosets", International Journal of Thermophysics, 
1995, 16, 309 
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and curing studies of bisacetylene rigid rod thermosets", Chemistry of Materials, 1994, 6, 
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C. Other Collaborators 

Dominick Cangiano, Hoechst-Celanesc Corporation 
Jim Earis, The Dow Chemical Company 
Rex Hjelm, Los Alamos National Laboratoiy 
David Langlois, Los Alamos National Laboratory 
Ralph Priester, the Dow Chemical Company 
Mark Smith, Los Alamos National Laboratoiy 
P. Thiyagarajan, Argonne National Laboratory 
Ed Wilbum, Wellman, Inc. 

D. Students 

Derek M. Lincoln, Wright-Patterson AFB 

Total of 1 graduate student, 0 postdoctoral scholars advised. 

E. Graduate and Postdoctoral Advisors 
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E. BIOGRAPHICAL SKETCH 



Laurie B. Gower, Ph.D., Assistant Professor 
Department of Materials Science and Engineering 
University of Florida 
PO Box 116400 



Phone: (352) 846-3336 

Fax: (352) 392-6359 

E-mail: lgowe@mail.mse.ufl.edu 



Gainesville, FL 32611 
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1 997 Ph.D. PolyiTier Science & Engineering, University of Massachusetts, Amherst, MA 
1992 M.S. Bioengineering, University of Utah, Salt Lake City, UT 
1985 B.S. Engineering Science, University of Florida, Gainesville, FL 
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1997 - present Asst. Professor, University of Florida, Dept. of Materials Science & Engineering 
1997 - 1 998 Consultant, Specialt>' Minerals hic, Bethlehem, PA 

1991 - 1 997 Graduate Research Assistant, University of Massachusetts at Amherst, MA 
1988 - 1990 Graduate Research and Teaching Assistant, University of Utah, UT 
1985 - 1987 Research Assistant, UCAR Emulsion Systems, Gary, NC 
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Biomimetics, biominerahzation, polymeric crystal growth modifiers, engineered particulates, 
ceramic/polymer composites, ceramic thin films, nano-, meso- and hierarchical structures, 
biomedical materials, tissue engineering. 

Courses Taught 

EMA 6938: Graduate special topics course on "Biomimetics & Biominerahzation" (Spring '98) 
EMA 3010: Undergraduate course on "Introduction to Materials" (Fall '98, Sprmg '99) 
EMA 3066: Undergraduate course on "hitroduction to Polymers" (scheduled for Fall '99) 

b. Publications 

1. Gower, L.A., T.-L.D. Wang, and D.J. Lyman, "Morphology of Block Copolyurethanes: V. 
The Effect of -CH2CH2- versus -CH2- Spacers Between Aromatic Rings," Journal of 
BiomateriaJs Science., Polymer Edition, 6, 8, 761-73 (1994). 

2. Gower, L.A. and D.J. Lyman, "Phase Separation of Copolyurethanes: A Study of Annealing 
and Slow Solvent Evaporation Metliods by FTIR," Journal of Polymer Science, Part A: 
Polymer Chemistry, 33, 13, 2257-66 (1995). 
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3. Lyman, D.J., and L.A. Gower, "Effect of Infrared Salt Crystals on the Spectra of 
Copolyether-urethane-urea Films," Vibrational Spectroscopy. 9, 2, 203-7 (1995). 

4. Gower, L.A., T.-L.D. Wang, and D.J. Lyman, "Morphology of Block Copolyurethanes: VI. 
The Effect of Segmental Dispersity on Phase Separation," in preparation. 

5 . Gower, L. A., "The Influence of Polyaspartate Additive on the Growth and Moi-phology of 
Calcium Carbonate Crystals," Ph.D. Dissertation, University of Massachusetts (1997). 

6. Gower, L.A. and D.A. Tin-ell, "Calcium Carbonate Films and Helices Grown in Solutions of 
Polyaspartate," Jowrna/ o/ 07^to/ Growth, 191,1-2, (1998). 

7. Gower, L.A. and D.A. Tirrell, "Polymer Induced Deposition of Calcium Carbonate Films Via 
a Liquid Precursor," Journal of Crystal Growth, in revision (1999). 

8 . Gower, L.A. and E. A. CoBabe, "Relevance of a Polymer-Induced Liquid-Precursor Process 
to Calcium Carbonate Biomineralization," in preparation. 

c. Collaborators (proposals have been submitted with the following faculty at UF) 

Kenneth Anusavice; Dept. of Dental Biomaterials 

Ron Baney: Department of Materials Science & Engineering 

Richard Dickinson: Department of Chemical Engineering 

Elliot Douglas: Department of Materials Science & Engineering 
Randy Duran: Department of Chemistry 

Hassan El-Shall: Department of Materials Science & Engineering 
Guenther Hochhaus: Department of Pharmaceutics 
Saeed Khan; Dept. of Pathology 

Jack Mecholsky; Dept. of Materials Science & Engineering 
Brij Moudgil: Department of Materials Science & Engineering 
Dinesh Shah: Department of Chemical Engineering 
Daniel Talham; Dept. of Chemistiy 
Donna Wheeler; Dept. of Orthopaedics 

Wolfgang Sigmund; Department of Materials Science & Engineering 

d. Students Advised 

Within the first two years of appointment, the PI has advised 6 graduate students (one as co- 
advisor), 4 undergraduate students on senior research projects, and one summer REU student. 

e. Former Graduate Advisors 

Doctoral Work: Dr. David A. Tirrell, BaiTCtt Professor, 
University of Massachusetts at Amherst 
(currently Prof, at California Institute of Technology) 

Master' s Work: Dr. Donald J. Lyman, Professor Emeritus 

University of Utah (currently residing in Seattle Washington) 
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H. FACILITIES, EQUIPMENT AND OTHER RESOURCES 



Laboratory: Dr. Douglas's laboratory is equipped with mechanical testing facilities and an 
optical microscope for use on this project, as well as standard hoods and ovens. Dr. Gower's 
laboratory is equipped with instruments and supplies for crystaUization assays, as well as hoods 
and ovens for sample preparation. A polanzing microscope with long-working-distance 
objectives can be used to monitor crystallizations in situ, and the microscope is equipped with a 
color 3-chip CCD camera, framegrabber and computer for particle analysis. The microscope 
also has fluorescence capability for monitoring labeled additives. 

Computer: The student and PI offices are equipped with computers, as well as a high-memor}' 
computer in the microscopy laboratoi-y equipped with a framegrabber for digital unagc analysis. 
We are currently using the downloadable NIH Image software for image analysis. 

Office: Office area for both the PI and students include needed office supplies and computers, 
with network connections and up to date Office, data processing, and Graphics software. The 
offices are conveniently located next to the laboratory. 

Clinical and Animal: N.A. for this project. In future work dealing with biomaterials 
applications, experimental facilities for animal testing and clinical tests are available through 
collaboration with faculty in the Colleges of Medicine or Dentistry (Shands Teaching Hospital). 

Other: Magnetic field processing will be conducted at the National High Magnetic Field 
Laboratory, Tallahassee, FL. The NHMFL is a world-class magnetic science facihty. The PI has 
conducted many experiements at the NHMFL. 

A beamline at the Advanced Photon Source at Argonne National Laboratory is available for 
use through the membership of the University of Florida in the Materials Research Collaborative 
Access Team (MR-CAT), directed by Dr. Randy Duran from the Department of Chemistry. The 
synchrotron facilities may be useful in this investigation for examining the crystalline orientation 
relative to templates, and texture of the mineral phase. 



MAJOR EQUIPMENT: 

The Major Analytical Instrumentation Center (MAIC), conveniently located within the Pi's home 
department, is equipped with large analytical instrnments that cannot be maintained by a single 
investigator. The center includes a 200 kV and 400 kV TEM, which can be used for both direct 
imaging and electron diffraction, HR-TEM; several SEMs, and a digital scanning probe 
microscope (ambient STM/AFM); and x-ray diffractometers, including a HR-XRD. 
A user fee is charged on a per hour basis for use of instruments in the MAIC facility. 
The Department of Chemistry maintains a comprehensive NMR facilities, which also charges a 
users fee. The NSF Engineering Research Center (ERC) on Particle Science & Technology has 
extensive facilities for particle analysis and characterization, including zeta potentiometer, ICP, 
light scattering, and microscopic FTIR. In addition, the ERC/MSE Department has recently 
received a grant to purchase a Scanning Transmission Electron Microscope with atomic number 
(Z) contrast (STEM-Z) imaging. Gower is an faculty member of the ERC, and therefore a user 
fee is not charged for ERC instrumentation. 
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